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The dynamics of optically generated excitations in a fpgra-phenylene—type ladder polymer has been
investigated by means of femtosecond pump-probe as well as femtosecond luminescence up-conversion spec-
troscopy. In addition to the bulk emission a low-energy emission band assigned to physical aggregates is
observed. By comparing the photoluminescefk) decay of the bulk emission with the time-resolved PL
traces of the aggregate emission we show that in the presence of aggregates the dynamics of the initially
generated excitons are determined by transfer from bulk to aggregate states. Additionally stimulated emission
(SE) as well as photoinduced absorption are observed for different spectral regions in the pump-probe experi-
ments. The SE is ascribed to bulk singlet excitons as evidenced by the correspondence of the temporal behavior
of SE and the decay of bulk emission, whereas the PA is attributed to spatially separated e}80a68-
182996)06027-4

[. INTRODUCTION tions (singlet excitonsby aggregate states dominates the ob-
served fast PL decay. In addition, the pump-probe technique
The potential application of conjugated polymers in opto-provides significant information about the existence and the
electronic devices has stimulated intense research activitistynamics of excitations other than singlet excitons that
concerning the yield and the dynamics of elementary excitamanifest themselves by a photoinduced absorpg. Re-
tions in this class of materials® The nature of the photoge- cent studies on polphenylene vinylene(PPV) have shown
nerated elementary excitations and their relaxation dynamicthat there is a competition between stimulated emission and
are of both theoretical and practical importance. Theoreticaphotoinduced absorption, the latter being attributed to Cou-
work, in general, focuses on the optical properties of ideallombically bound electron-hole pairs located on different
fully elongated single polymer chains yet neglects possiblehains and/or segment3.The present results demonstrate
interchain interaction leading to the formation of aggregatehat the simultaneous occurrence of stimulated emission and
states>* PA due to Coulombically bound electron-hole pairs on adja-
The material investigated is a polpara-phenylene—type cent segment&patially separated excitonis a general phe-
ladder polymefLPPP.% It is soluble and structurally regular nomenon in conjugated polymers. Time-dependent pump-
with an average molecular weight of up to 12 000 corre-probe experiments allow one to monitor the complex decay
sponding to 30 monomer units. The characteristic opticapattern of both neutral and charged excitations.
properties of LPPP originate from the stabilization of the
b_ackbone chain aggmst torspnal d|splacemen'§ qf the phenyl Il EXPERIMENT
ring by covalent bridging. This leads to a negligible Stokes
shift due to structural relaxation as compared to systems in All experiments were performed on LPPP synthesized via
which coupling of the excited states to torsional modes of the two-step precursor route bridging properly substituted
chain is important® precursors! The samples were either bulk films or polymer
So far, the optical properties of LPPP have been investiblends of LPPP and polycarbonatieC) in a 1:9 ratio by
gated mainly by steady-state photoluminescditg as well ~ weight, both spin coated onto quartz substrates. The chemi-
as picosecondps) streak-camera PL measurements. Fromcal structure is shown in the inset of Fig. 1.
these experiments information was obtained concerning the The femtosecond luminescence experiments employing
dynamics of the optically generated excitations and the exthe up-conversion technique were performed on bulk films of
istence of aggregate states acting as tfaps. LPPP. For reasons of optimizing the optical density polymer
In the present paper, we focus on the excitation dynamicblend films were used for the pump-probe experiments. We
of solid LPPP in the excited state by means of femtoseconwish to point out that dilution of the LPPP does not affect its
upconversion and femtosecond-pump-probe spectroscopy. Bpectroscopic properties as evidenced by the similarity of the
particular, we show that the capture of elementary excitaPL spectra. The experiments that delineate the dynamics of
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FIG. 1. Absorption and photoluminescence spectra of LPPP.
The PL is excited at 3.1 eV. The inset displays the chemical struc-
ture of the LPPPR andR’ are n-hexyl and 1.4-decylphenyl, re-
spectively.

Energy (eV)

FIG. 2. Low-temperature time-integrated PL spectra of two dif-
ferent LPPP films. The excitation energy is 3.1 eV.

optical excitations were performed with a Kerr-lens mode-
locked Ti:sapphire laser producing pulses at 1.56 eV witHion at 2.74 eV followed by its dominant vibronic satellite at
100-fs duration at a repetition rate of 76 MHz. The sample2.91 eV. All bands are inhomogeneously broadened bearing
were excited by frequency doubled laser pulses at 3.1 e\hut a Gaussian widtlr of about 0.07 eV. Remarkably, the
i.e., 0.3 eV above the pure electronic transition. The excitaabsorption spectrum exhibits a pronounced low-energy tail
tion power was 20 W/crhequivalent to 10 nJ per pulse. The extending well below 2.1 eV. The emission spectrum con-
emitted luminescence from the sample was focused dispesists of the fundamental electrorfig— S;(0-0) transition at
sion free onto a nonlinear optical crystal of 2.66 eV followed by vibronic progressions. The low inten-
B-bariumborate. Up-converted signals are generated if thsity of the S;— Sy(0-0) transition compared to the dominant
luminescence and the gating reference p(sg6 eV} over-  first vibronic transition is caused by reabsorption. It is im-
lap temporally within the crystal. The up-converted signalportant to mention that the emission spectrum is a superpo-
was dispersed in a monochromator and finally detected by sition of the bulkS;— S, spectrum and a broad featureless
cooled GaAs photomultiplier. The temporal resolution of thelow-energy band centered around 2.1 eV as has been shown
setup was about 200 fs while the spectral resolution wai greater detail in previous work.Figure 2 shows the
about 20 meV. Additionally, femtosecond pump-probe ex-cw-PL spectra of two bulk LPPP films containing different
periments with a spectrally broad white-light continuum asamounts of aggregates upon excitation at 3.1 eV. The spectra
probe light were performed. For primary excitation we usedresemble those observed in the blend system except for the
laser pulses of 160-fs duration at an energy of 3.1 eV havingntensity of the broad yellow emission band. The latter de-
pulse intensities of up to 4J with a repetition rate of 1 kHz. pends on the details of the film preparation resulting in the
There was no indication of either nonlinear effects or photoincorporation of different amounts of aggregates.
chemical degradation at this excitation dose. The excitation Figure 3 displays luminescence transients detected at dif-
pulses were obtained by frequency doubling one part of théerent spectral positions after excitation with photon energies
amplified output of a Ti:sapphire laser while the other partwell above the optical ga@.1 eV). The luminescence rise
was used to generate white-light continuum pulses in a lamifollows the response function of the experimental setup
nar water cell. Differential transmissiofDT) spectra were whereas the observed decay becomes slower as the spectral
recorded within the spectral range from 1.6 to 2.8 eV. Alldetection window is shifted towards lower energies. All de-
spectra were corrected for group velocity dispersion. Morecay functions are nonexponential, reflecting the occurrence
over, we have measured the DT as a function of time delapf nonradiative decay channéfsProbing the PL decay at
in a narrow spectral range using a 10-nm broad portion of th@hoton energies corresponding to the structureless emission a
white-light continuum as a probe. In this case the probe entotally different transient behavior is observed. In that case
ergy was selected by interference filters. the luminescence rise is not determined by the response of
the experimental setup. Here we observe a finite PL rise
completed after approximately 8 ps as shown in Fig. 4. It has
to be attributed to a filling process from energetically higher
Figure 1 presents the absorption as well as the timelying states into those responsible for the structureless emis-
integrated photoluminescence spectra of a LPPP/PC blendion centered around 2.1 eV. Further insight into this sce-
The absorption spectrum consists of the—Sy(0-0) transi-  nario comes from the time-resolved luminescence spectra

lll. RESULTS
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s FIG. 5. Time-resolved spectra of LPPP for various delay times.
The spectra taken after 10 and 50 ps are scaled with factors of 3 and

10 4, respectively.
Time (ps) times a broad yellow emission evolves at the expense of the
_ _ _ ~ bulk emission and dominates the spectrum at longer time
FIG. 3. PL transients monitored at different spectral posmons.de|ays as shown in the time-resolved spectrum monitored 50
The excitation energy is 3.1 eV. ps after excitation.

Figure 6 depicts DT spectra after excitation at 3.1 eV for
presented in Fig. 5. Within 1 ps the spectrum perfectly mapsarious delay times between pump and probe pulses. The cw
the cw spectrum of pure LPPP in solutibiThe purely elec-  PL spectrum is plotted for comparison. At zero time delay
tronic transition associated with the shoulder=a2.7 eV is
followed by a vibronic progression at lower energy. 10 ps
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FIG. 6. Differential transmissiofDT) spectra for excitation at
Time (ps) 3.1 eV for various delay times between pump and probe pulse. The
dotted lines represent a change in probe transmission of 10%. For
FIG. 4. PL transients detected at photon energies within the bulicomparison the normalized PL spectrum of bulk excitons is plotted
emission and at the emission of the aggregate s{atés e\j. at the bottom.
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— ———————— cence transients monitored at different spectral positions.
The variation of the characteristic decay time upon lowering
the detection energy, the accompanied transient redshift of
the emission spectrum, and the nonexponential decay pattern
are characteristic features of energetic relaxation of neutral
excitations within an inhomogeneously broadened density of
states(DO9).1® The PL spectrum taken 1 ps after excitation
contains two important messag€s) The vibronic excess
energy of~0.3 eV is dissipated on a sub-200-fs time scale.
This is in accord with previous results for PP¥/(ii) Except
for the reduction of theS;— S,(0-0) transition caused by
reabsorption it is the mirror image of the absorption spec-
trum shown in Fig. 1. It is particularly noteworthy that the
g center of the deconvoluted 0-0 band is redshifted for longer
times. This clearly indicates that the entire Stokes shift of the
cw-PL spectrum is due to electronic spectral relaxation rather
o o 10 20 30 20 50 than to molecular relaxation. At the beginning of its random
walk an excitation will execute nearest-neighbor jumps only.
If the detection window is located at the high-energy side of

FIG. 7. Temporal behavior of the stimulated emiss{&k) at the DOS the population decay is determined by fast hopping

2.48 eV(dotted ling and the photoinduced absorpti@PA) at 1.91 to acceptor st_ates at lower energies. The strong dependence
eV (solid line). of the decay time on energy reflects the energy dependence

of the hopping rate, which gradually slows down as the ex-
the spectrum is characterized by two main features. In th&itations relax towards the tail states of the DOS. Conse-
spectral range from 2.38 to 2.58 eV positive differentialquently, the overall decay pattern of donor states in a certain
transmission withA T/T up to 10% is observed. The shape of SPectrum window within the DOS is controlled by both de-
the positive DT spectrum resembles the steady-state PROPUlation towards lower-energy states and refilling from
spectrum but bears out a bathochromic shift of about 70 me\tigher-lying states. Taking into account that the latter pro-
upon increasing the delay time from 0 to 10 ps. At lowerC€SS IS the fgstest_ope, one should, in general, observe tran-
photon energies the spectrum is dominated by a broad artients featuring a finite rise followed by a slower decay. The
structureless negative DT signal ranging from 1.37 to 2.2diS€ should become more pronounced upon shifting the de-
eV, indicating a photoinduced absorption. With increasingi€ction window towards lower energies because the probabil-
delay time there is a redistribution of oscillator strengthlty o find a site lower in energy next to a donor site de-
within the DT spectra because the positive DT signal decay§€ases. This scenario is reflected by the transients monitored
more rapidly than the negative DT signal. Finally the pOSi_W|th|n.the spectral range of the bulk emission in Fig. 3. Due
tive DT in the spectral region of the 0-0 transition is over- O their lower-lying energy level fluorescent traps, e.g., ag-
compensated by the PA and becomes negative. Normalizeé€9ates, are prominent candidates for observing transients
transients of both the positive DT sign@@beled SE in Fig. featuring accumulation effects. The transient luminescence
7) as well as of the PA are shown in Fig. 7. Within the time monitored at 1.95 eV exactly exhibits the behavior discussed

resolution of the experimental setup both transients rise in@20Ve as shown in Fig. 4. Remarkably, within the first 8 ps

AT/ T (normalized)

Time (ps)

stantaneously and exhibit a nonexponential decay. the decay of the bulk emission exhibits exponential behavior
and gradually becomes nonexponential for longer times.
IV. DISCUSSION Within the time range of the exponential behavior the decay

bears out a time constant of 8 ps. This concurs with the time

By comparing the absorption and emission spectra we asonstant of the filling process observed at the spectral posi-
sign the yellow emission centered around 2.1 eV to aggretion of the aggregate emission as depicted in Fig. 4. Conse-
gate states formed by subunits of different polymer chains imuently, we conclude that the population of the aggregate
closely packed solid LPPP films. The yellow emission stemsstates results from highly efficient energy transfer of excita-
from species that exist in the ground state as demonstratdgns from the bulk states. Observing only a short rise com-
by the finite absorption found in the corresponding spectraponent of the luminescence signal monitored at detection
region® Since chemical impurities can safely be excludedenergies in the tail states of the DOS indicates, however, that
and since site-selective fluorescence measurements indicat@aly a fraction of excitations accumulate in the bottom
concentration dependence of the intensity of the yellowstates, the remainder being captured by nonradiative traps in
emission band, it is plausible to associate the traps with preanalogy to what has been observed with PP\The 1k
existing aggregates in which interchain interaction is en-decay time of the subsequent PL decay increases by more
hanced. Importantly, the intensity of the aggregate band ithan an order of magnitude upon shifting the detection win-
much stronger in emission than in absorption. This is ardow from the spectral range of the bulk emission into the
unambiguous signature of efficient energy transport to thoseange of the aggregate emissidiihis is in accord with the
states. decreasing number of available states at lower energy. How-

Information concerning the relaxation of excitations tak-ever, comparison of measurements of the quantum efficiency
ing place after their generation is deduced from luminesof solid LPPP(Ref. 9 with LPPP in solution(Ref. 7) indi-
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unity equivalent to energy migration becoming dispersive

. reflecting the distribution of jump rates. This is due to the

dilution of suitable nearest-neighbor acceptor sites once an
ensemble of excitations has relaxed towards the tail of the
distribution of states and the growing importance of non-

nearest-neighbor jumps. In the long time limit values

B~0.4 and 0.25 are obtained after probing at 2.83 and 2.68
eV, respectively. The latter value is slightly less than nor-

mally found for conjugated polymeré. This is another sig-

Ve =2.68 eV nature of relaxation into aggregate states. The distribution of
] v vpg=2:83 eV those states is superimposed onto the distribution of bulk
v A v, =2.3eV states, implying that the convoluted density of states tails off
| Vv et

much slower than an unperturbed Gaussian.

Spectral relaxation and PL decay in conjugated polymers
o Ly — I have been studied before via simulation assuming that exci-

10° 10! 102 tation transport occurs via hopping among different segments

of the polymer chaifs). These segments were considered as
sites forming a random 1D chain with constant intersite sepa-

FIG. 8. Smoothed decay curves of the PL in LPPP replotted orration featuring a Gaussian distribution of excitation energies
a double-logarithmic In@ /1) vs time scale. The dashed line is a gnd Coup]ed via dip0|e_dipo|e interacti@ﬁdster Coup“ng_
model calculation Faken from Ref. 17. SE monitored at 2.48 eV is|t has further been assumed that 10% of the sites are traps. In
plotted for comparison. Fig. 8 the result of the simulation for the depopulation of

. Jbulk states located at an energyabove the center of the
cates that nonradiative decay channels must also be operatlgnle(_so(o_o) band, whose inhomogeneous broadening is
in solid LPPP and compete with the transfer of bulk eXC'ta'characterized by a Gaussian width is included. The simi-

tions into luminescent aggregate states. IJ]arity with the present experimental results is striking. It

The time dependence of incoherent energy transfer i o S
amorphous materials is often analyzed in terms of ademonstrates that the excitation dynamics in LPPP can be

Kohlrausch-Williams-Watt (KWW)  type stretched mterprgted consistently in tgrms of spec_tral relaxation within
exponentidf® a density of states that carries a long tail due to the presence
of aggregate states.
L(t)=1exd — (t/ty)”]. The time dependence of the transients detected via pump-
probe experimentéFig. 7) is similar to those shown by the

Both independent single step processes and sequential muRL transients in Fig. 8. Within the first 8 ps the positive DT
tistep processes can lead to such a behavior provided thiecay is monoexponential. Extrapolating the initial linear
system is completely random. To check whether or not theortion of the double-logarithmic lg/1(t) versus time plot
present data are in accord with this formalism it is useful toto an ordinate value I/l (t=ty,) =1 yields a decay time
plot Inly/I(t) versust on a double-logarithmic scale as of t,,=8 ps. For longer times it gradually becomes nonex-
shown in Fig. 8. In such a plot an exponential decay procesgonential. The decay constant as well as the spectral position
leads to a straight line with slope 1. For short times the slopand the shape of the positive DT concur with the data con-
of the resulting plots is in fact close to unity, indicating that cerning the bulk emission inferred from the up-conversion
the fastest decay process occurs with a well-defined ratgluorescence measurements. It is particularly noteworthy that
This is in accord with the notion that at the beginning of itsthe decay function fits perfectly into the PL decay pattern
random walk an excitation only executes nearest-neighbgsrobed at variable detection energi€sg. 8). This not only
jumps. Upon probing at 2.83 eV, i.e., above the center of theroves that positive DT and PL originate from the same spe-
S;Sp(0-0) absorption band the initial exponential portion cies, i.e., bulk singlet excitons prior to trapping, but also
of the PL transient decays with aeldecay time of~1.8 ps testifies to the absence of additional decay channels, such as
and tails off in a KWW-like fashion with an exponent bimolecular exciton fusion that might be considered to occur
B~0.4 in analogy to what has been reported earlier for PPVat the photon dose employed in the pump-probe experiment.
It is straightforward to associate the fast decay with nearestfhe decay of both the DT and the PL signal reflects the
neighbor hopping within the distribution of bulk states. Ondecay of the initial singlet exciton population due to both
shifting the spectral observation window towards lower en-spectral relaxation and trapping by structural defects as al-
ergies the entire decay pattern is shifted along the time axigeady discussed above. The fact that the positive DT signal
without losing any of its basic features. At a detection energyappears to decay faster again at long times compared to the
of 2.68 eV, i.e., 0.06 eV below th8,— Sy(0-0) maximum  PL is probably an artifact caused by the superposition of the
the initial 1k decay time has increased to 7 ps. This is basifonger living (negative photoinduced absorption signal. Fol-
cally the initial rise time of the defect emission indicating lowing previous work on PPV it is straightforward to assign
that within this time-energy window it is mainly energy the positive DT signal to stimulated emissi(BE) from bulk
transfer from bulk to aggregate states that controls the excsinglet states. It is noteworthy that no stimulated emission
tation dynamics. For longer times the slope of thig lih(t) from longer lived defect states is observed. The likely reason
versus time curve in log-log representation deviates fronis their smaller radiative yield.

Photoluminescence In (I(0)/I(1))

---e—- calculation

Time (ps)
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ergy of the exciting pump pulse exceeds tBg— Sy(0-0)
approximately 0.35 eV, which is on the order of a typical
exciton binding energy in conjugated polymé¥st appears
plausible that spatially separated excitons are generated with
finite probability from a hot singlet state and at a rate that is
beyond the temporal resolution of our experiment. These ex-

= citations cannot be formed via dissociation of cold singlet
B states as evidenced by the PA signal not being correlated
= with the decay of the SE. At present, we cannot distinguish
2 whether the formation of spatially separated excitons occurs
s oL 1 directly during the photoexcitation or via rapid dissociation
g TE ] of on-chain singlet excitons during vibrational cooling. The
Z formation of spatially separated excitons has been observed
also in PPV at photon energies above the absorption thresh-
old. In that material this process competes efficiently with
the formation of luminescent excitons, indicating that the
0.01 T formation of electron-hole pairse¢h) is more efficient in
041 1 10 PPV than in LPPP. This is probably due to the bulky sub-

Time (ps) stituents in LPPP, which prevent short interchain separation
that facilitate charge transfer. The initial fast decay of the PA
FIG. 9. Double-logarithmic plot of Ing/I) vs time for the — Occurs with a time constant 0%2 ps. It can be ascri_be_d to
stimulated emission@) and the photoinduced absorption ). the collapse of a nearest-neighbath pair. The deviation
from exponentiality at longer times can be accounted for by

The PA signal probed at 1.91 eV where no SE is observe@ distribution of jump rates resulting from the onset of non-
exhibits a different time dependentgee Fig. 9. The decay nearest-neighbor jumps.
is highly nonexponential bearing out a KWW exponent close
to 1/3. Only fort<1 ps can an exponentially decaying com- V. CONCLUSION

ponent with a 1¢ decay time of about 2 ps be distinguished. o have performed time-resolved spectroscopy experi-
The different decay pattern of SE and PA indicates that bo“fhents on a ladder-type polym&PPP within the time do-

must originate from differen_t species. Frolm. these data Wehain 0.5—-100 ps. Three processes were obsefijestrong

can rule out bulk singlet excitons as the origin for the PA ing;i 1 1ated emission from bulk excitons with an observed
contrast to previous conclusi(_)ns by Leagal_l_g for PPV. " ifetime of 5 ps. For longer times the decay becomes nonex-
Taking into account that the rise of the PA signal is instany,,nential. Data taken by the technique of luminescence up-
taneous one can safely exclude triplet excitons as the fundgynversion bear out identical behaviéii) Aggregate states

mental excitations for the PA signal as well since thoseare populated via excitation transfer from bulk statgis)

should be formed on a nanosecond time scale. Aggregalgs;qtoinduced absorption is observed in the spectral region
cannot be responsible for the PA signal either since no timggo,; the pure electronic transition. Due to the observed
lag is observed. The only remaining alternative candidategierences in the decay pattern of SE and PA, we attribute
are spatially separated excitons where the electron and thgq pa signal to spatially separated excitons. In contrast to

holg are Coulombically_ bound  yet Iopated on Qiﬁerentppv the SE signal in LPPP can be observed at excitation
chains. They have been invoked before in PR'Consistent energies well above the optical gap. The efficiency of pro-

with .this assignment is the almost featur(_eless specf[rum e)ﬂucing spatially separated excitons appears to be less in
tending from=2.2 eV towards lower energies, which is sug-| ppp-sq that this material is a promising candidate for op-

gestive of transient absorption by single charged speciegyejecironic devices because of its higher probability for sin-
spectrally blurred by the presence of the respective countedlet exciton formation

charge at random distance.

Finally, we comment on the formation process for spa-
tially separated excitons. The average binding energy of a
spatially separated exciton cannot be less than that of an This work has been supported by the Deutsche For-
on-chain singlet exciton otherwise no intrinsic bulk fluores-schungsgemeinschafSFB 383 and the Ministry of Re-
cence should occur. Taking into account that the photon ersearch and Science of the State of Nordrhein-Westfalen.
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